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The influence of high temperature annealing up to 1200 °C in vacuum on 100 nm nearly
continuous thick diamond films consisting of 30–50 nm crystallites, deposited onto silicon
substrates is reported. The hydrogen bonding and phase composition of the films were studied with
Raman spectroscopy, while the surface microstructure and composition were studied with high
resolution scanning electron microscopy SEM, transmission electron microscopy TEM, and
x-ray photoelectron spectroscopy XPS, respectively. Annealing to 800–900 °C of 100 nm thick
films results in a decrease in the intensities of the peaks associated with hydrogen bonding Raman,
as well as changes to the morphological microstructure at the film surface. Heating the films to
1000 °C resulted in the complete disappearance of the Raman peaks associated with hydrogen
bonding at grain boundaries, and an increase in the relative intensity of the diamond peak relative
to the graphite-related D and G Raman peaks, concomitant with changes to the microstructure SEM
and TEM. Ex situ XP analysis of the films annealed to 800 and 1000 °C provides clear evidence
for the formation of SiC on the films surface and near surface region. However a sharp SiC Raman
peak at 796 cm−1 appears only after annealing to 1200 °C and it is concomitant with a decrease in
the Raman peaks associated with sp2 bonded carbon. Our results suggest that formation of SiC phase
preferentially consumes sp2 /sp hybridized carbon matrix, produced by thermal desorption of
hydrogen atoms at diamond grain boundary and at the diamond film—silicon substrate interface.
© 2009 American Institute of Physics. doi:10.1063/1.3257255
I. INTRODUCTION
The ability to deposit continuous diamond films of sub-
micron thickness and very large particle densities is crucial
for many possible practical applications. The electronic, ther-
mal, and mechanical properties are largely governed by the
grain size, which has been shown to affect, for example, the
dielectric constant;1,2 the electron and field emission
characteristics3,4 and the tribological properties,5 etc. In par-
ticular, is was shown that diamond films of submicron thick-
ness display enhanced secondary electron emission
properties.6 Structurally, it appears that incorporation of hy-
drogen atoms within the polycrystalline diamond films is
correlated with diamond grain size: the smaller the grain
size, the higher the trapped hydrogen concentration.7,8 The
trapped hydrogen atoms are most likely situated in the dia-
mond grain boundary region as well as on the crystallite
surfaces.9 Vibrational spectroscopy studies showed that these
H atoms are bonded both to sp2 and sp3 hybridized carbon.10
Studies of the thermal stability of such very thin films
are important not only for potential applications, but also as
valuable tool to understand the influence of grain boundaries
on the film properties. For example, studies of diamond sur-
faces often suffer from the influence of the presence of ad-
ventitious carbon from atmospheric contamination. Vacuum
annealing procedures are a very simple way to remove am-
bient contamination from the diamond surface, which makes
it possible to distinguish between hydrocarbon contamina-
tion and hydrogen directly bonded to the diamond matrix.
However, these annealing procedures may result in irrevers-
ible changes to the film morphology and chemical composi-
tion. Recent studies reveal that thermal desorption of ambi-
ent contaminations occurs at 500 °C, resulting in
irreversible changes to the diamond surface.11 In order to
obtain bare diamond surfaces an annealing procedure to at
least 1000 °C must be performed.10 Recently, it was shown
that 1000 °C anneal results in irreversible modification of
nanodiamond film surface due to hydrogen desorption and
surface reconstruction.12 In other studies of thermally in-
duced diamond→graphite phase transition was found that
the threshold temperature for phase transition decreases with
decreasing diamond grain size.13–15 However, the effect of
thermally enhanced chemical reactions with the underlying
substrate was not considered in detail. Enhanced chemical
reactivity of sp3 /sp2 /sp hybridized carbon atoms, remaining
on the surface and grain boundaries following hydrogen de-
sorption at elevated temperatures, may significantly affect
the nature of grain boundary region. The main open question
is the relative thermal stability of diamond crystallites as
compared to grain boundaries.
aAuthor to whom correspondence should be addressed. Electronic ad-
dresses: choffman@tx.technion.ac.il and choffman@techunix.technion.ac.
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In the present work we investigate the effect of vacuum
annealing on the phase stability, morphology, and chemical
composition of 100 nm thick nearly continuous diamond
films deposited onto silicon substrates, comprising of dia-
mond grains 30–50 nm in size and compares these results to
1 m thick films with 300–400 nm sized crystallites. We
show that in the case of small diamond grains the high vol-
ume fraction of grain boundaries gives rise to pronounced
C–H associated Raman peaks, which disappear from the
spectra following 1000 °C annealing. The hydrogen bonding
in the films was examined by intensity variations of the
1140 cm−1 Raman peak characteristic of hydrogen bonding
at grain boundaries,16–18 while the phase composition of the
films was estimated by looking at the diamond, D and G
Raman peaks, at 1332, 1350, and 1600 cm−1,
respectively.19 Under these thermal conditions we observe
pronounced diffusion of Si atoms most likely via grain
boundary region of 100 nm thick films followed by sur-
face silicidation, as detected by x-ray photoelectron spectros-
copy XPS. Following 1200 °C anneal, enhanced SiC for-
mation was detected by Raman spectroscopy, together with
considerable intensity decrease in sp2 /sp associated Raman
peak. The possible mechanism of diamond/substrate ther-
mally enhanced chemical reactions, their correlations to hy-
drogen desorption, and a probable scenario are suggested.
II. EXPERIMENTAL
The diamond films were deposited onto silicon sub-
strates using a hot filament chemical-vapor deposition
CVD system with a CH4 /H2 1/99 gas mixture at 50 Torr.
The system uses a Re filament heated to 2000 °C for gas
activation which is positioned 8 mm from the Si substrate as
previously described.20 Prior to deposition the Si surfaces
were pretreated in order to induce a high density of diamond
growth centers. This was achieved by ultrasonic abrasion of
the silicon substrates in a polydispersed mixed diamond/
alumina slurry. This pretreatment results in an initial dia-
mond particle density DPD of 51010 cm−2.20 This high
DPD value allows deposition of continuous films of thick-
ness greater than 100 nm. The crystal size evolves from
30–50 nm in the nearly coalescent film 70–100 nm film
thickness, 5 min deposition and reaches a nearly constant
value of 300–400 nm in micron thick films deposition time
1 h.20 The Raman spectroscopy utilized a Renishaw–
Raman microscope with a 514 nm laser excitation source at
approximately 10 mW through a 50 objective lens. Raman
spectra were recorded in the range of 740–1635 cm−1.
The vacuum annealing system consisted of a large bell-
jar type, diffusion pumped, vacuum chamber containing a
graphite crucible sample holder directly heated by a tungsten
filament. Temperature was recorded with both a thermo-
couple in contact with the graphite crucible and an optical
pyrometer. Sample annealing up to 1200 °C was performed
at a pressure of 510−6 Torr for 30 min.
The high resolution scanning electron microscopy HR-
SEM was carried out using a FEI Nova Nanolab200 dual
beam FIB system. SEM imaging was done using a 5 keV
electron beam. Cross-sectional transmission electron micros-
copy TEM samples were prepared using focused ion beam
FIB milling. Before TEM sample preparation the areas of
interest were coated with 1 m thick protective Pt films
using e-beam facility of the FIB system. These Pt films pro-
tect specimen surface from any Ga induced modification dur-
ing TEM sample preparation. Cross-sectional TEM samples
were prepared using FIB lift-off technique. The TEM mea-
surements were performed using a Tecnai TF20 field emis-
sion electron microscope operated at 200 keV.
XPS spectra were recorded using the Australian Syn-
chrotron light source, soft x-ray beamline. Incident photon
energies of 600 and 1200 eV with a full width half maximum
smaller than 0.1 eV and a hemispherical analyzer Phoibos
150—SPECS were used for these measurements. The base
pressure in the analysis chamber was 110−10 Torr.
Whereas the XP spectrum recorded using 600 eV incident
photon energies provide enhanced surface information, the
spectrum measured with 1200 eV photons is more typical of
the bulk of the film and thus reflects the composition of grain
boundaries. Considering the binding energy BE of the C
1s and O 1s and the inelastic electron mean free path the
XP spectrum measured with 600 eV photons is characteristic
of the 5–10 Å topmost layer whereas the spectrum measured
with 1200 eV photons is expected to be sensitive to the
40–50 Å near surface region.21
III. RESULTS
A. Bulk chemical bonding and phase composition—
Raman spectroscopy
In Fig. 1 the Raman spectra recorded for the as deposited
100 nm thick diamond film followed the vacuum anneal-
ing procedures are shown. The sampling depth of the Raman
FIG. 1. Raman spectra of 100 nm thick diamond films. a As-deposited
on silicon and following 510−6 Torr vacuum annealing for 30 min at 800,
900, 1000, 1100, and 1200 °C, as indicated on the plot. b Detailed view
the 730–1100 cm−1 region of the same spectra. Note the appearance of SiC
associated peak at 796 cm−1 following annealing to 1200 °C.
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averages over the whole of the film thickness for both the
100 nm and 1 m film thicknesses. The spectrum of
the as-deposited film displays a clear diamond Raman line
together with a characteristic broad sp2 peaks around 1470
and 1550 cm−1 Fig. 1a, along side with broad feature at
1000 cm−1, associated to the overtone of the silicon opti-
cal phonon. Due to the small grain size and associated high
grain surface area in these samples, grain boundaries form a
significant fraction of the volume of the film, and contain a
relatively high density of bonded hydrogen Csp2–H
vibration.18 This grain boundary bonded hydrogen produces
a pronounced Raman peak at 1140 cm−1 which can be seen
clearly in the as deposited film spectrum. Following anneal-
ing to 800 °C in vacuum for 30 min the Raman spectrum of
the films was similar to that measured for as-deposited films.
However after annealing at 900 °C there is clear reduction in
the intensity of the 1140 cm−1 peak, indicating a loss or
reconfiguration of grain boundary bonded hydrogen in the
film. After annealing at 1000 °C there is a complete loss of
the t-PA related Raman peaks. Significantly, the intensity of
the D and G peaks do not increase with annealing tempera-
ture indicating that grain boundary carbon does not simply
relax into a graphitic bonding structure upon loss of
hydrogen.16,19 Raman spectra recorded after 1200 °C anneal-
ing indicate a near complete loss of sp2 bonded associated
carbon peaks. Figure 1b shows the detailed Raman spectra
of the lower wave number region of the as-deposited, 1000,
and 1200 °C annealed films data taken from Fig. 1a,
where appearance of a sharp 796 cm−1 peak associated with
SiC22,23 is evident for 1200 °C annealed sample.
The Raman spectra recorded from 1 m thick films
Fig. 2 show very small intensity of the 1140 cm−1 peak
associated with grain boundary bonded hydrogen, due to the
lower density of grain boundaries. Upon annealing to
1000 °C these spectra show a complete disappearance of the
1140 cm−1 peak, as well as a slight reduction in the sp2 peak
height. This is consistent with the hydrogen loss for the thin-
ner film samples. However, no SiC associated Raman peaks
are evident in these spectra Fig. 2b, including for the
sample annealed at 1200 °C.
B. Microstructure—scanning and transmission
electron microscopes
In Fig. 3 the SEM micrographs of the different vacuum
annealed 100 nm films are shown. From these figures the
as-deposited 100 nm thick film shows clear smooth 30–50
nm grain facets, indicative of high quality polycrystalline
film growth. After 800 °C annealing the HR-SEM images
are qualitatively unchanged Fig. 3b, maintaining consis-
tency with the lack of changes in the Raman spectra for these
samples. After 900 °C annealing the film surface morphol-
ogy displays a granular appearance of the crystal facets Fig.
3c. Annealing to 1000 °C results in further roughening of
the crystallites facet Fig. 3d. The 1100 °C annealed
sample displays an even further visible reduction in the crys-
tallites faceted structure Fig. 3e. For comparison, the
SEM and TEM micrographs of the 1 m thick film samples
as deposited and after annealing to 1000 °C are shown in
Fig. 4. These films showed no change in surface morphology
between the as-deposited sample and the sample annealed to
1000 °C under vacuum. In addition, no voids may be seen in
the silicon substrate—diamond region following annealing at
1000 °C Fig. 4d.
The interface between the diamond film and silicon sub-
strate was investigated using TEM measurements carried out
on vacuum annealed films at 800, 1000, and 1200 °C and
these are shown in Fig. 5. For each annealing temperature
there are low magnification cross-sectional image left, high
resolution image near film-substrate interface center, and
corresponding fast Fourier transformation FFT image. The
FFT covered the entire film area and the interface with the
FIG. 2. Raman spectra of 1 m thick diamond films. a As-deposited on
silicon and following 510−6 Torr vacuum annealing for 30 min at
1200 °C, as indicated on the plot. b Detailed view the 730–1100 cm−1
region of the same spectra. No SiC associated line is present on the spec-
trum of the 1200 °C annealed spectrum.
FIG. 3. SEM micrographs of 70–100 nm thick films, showing diamond film
morphological microstructure evolution after a original film deposition and
following 510−6 Torr vacuum annealing for 30 min at: b 800, c 900,
d 1000, and e 1100 °C.
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silicon substrate. The FFT images for samples annealed at
1000 and 1200 °C show, in addition to diffraction spots as-
sociated with silicon, diffraction spots corresponding to pe-
riods of 0.26 and 0.215 nm, which correlates with 111 and
200 lattice planes of 3C polytype of silicon carbide. Also
the samples display significant voids in the silicon crystal
near the interface with the diamond film and increasing in
size with increasing anneal temperature. This indicates that
the SiC formation displayed in the Raman spectra is not
simply at the diamond to silicon interface, but in fact there seems to be some diffusion of silicon into the diamond films.This is interpreted as most likely the progressive formation
of SiC following silicon diffusion via film’s bulk via grain
boundaries of interconnected porosities of the diamond film,
explaining not only the loss of silicon at the interface, but
also the reduction in sp2 bonded carbon in the grain bound-
aries see discussion.
C. Surface composition—x-ray photoelectron
spectroscopy
XPS measurements were carried out for the as deposited
films, after vacuum annealing to 800 and 1000 °C. Follow-
ing annealing the films were transported under ambient con-
ditions to the UHV chamber where the XPS measurements
were carried out. Prior to XPS the samples were annealed to
400 °C in order to induce desorption of possible contami-
nants. In Fig. 6a the XP spectra recorded using an incident
photon energy of 600 eV and in the 0–550 eV BE range are
shown for the 100 nm thick films. In Fig. 6b the XP
spectrum is shown in the 280–287 eV BE range to display
the C 1s line shape changes for the different samples. The
spectrum of the as-deposited film shows a strong C 1s pho-
toelectron peak along with diamond related plasmon peaks
and CKLL Auger peak. Very low intensity O 1s, Si 2s,
and Si 2p photoelectron peaks as well as an OKLL Auger
peak were also detected in the spectra of the as deposited
films. The presence of silicon is likely to be associated with
the fact that the films may have some pin holes and some
silicon surface contamination may occur during the CVD.
FIG. 4. SEM micrographs a–c and TEM cross-sectional image d of
1 m thick diamond film. Comparison of as deposited images a, b
with 1000 °C annealed c, and d reveals no drastic change in film’s mor-
phology as compared to 100 nm thick films, Fig. 3.
FIG. 5. TEM images of 800, 1000, and 1200 °C annealed films. For each
annealing temperature there are low magnification cross-sectional image
left, high resolution image near film-substrate interface center, and cor-
responding FFT image right.
FIG. 6. XP spectra of 100 nm thick diamond film as a function of an-
nealing temperature recorded with primary photon energy of 600 eV sur-
face sensitive mode: a spectrum of as-deposited film shows pronounced
carbon 1s photoelectron peak 284.5 eV BE with minor Si and oxygen
contaminations. The sample underwent annealing to 800 and 1000 °C,
which results in suppression of C1s photoelectron intensity simultaneously
with increase in oxygen and silicon features. b Detailed view of the C 1s
photoelectron, spectra. Note the splitting of C1s peak into 283 and 284.5
eV components following annealing to 800 °C, indicating SiC formation.
The relative intensity of these peaks alters following annealing to 1000 °C.
c Detailed view of the Si 2p photoelectron peak. Note the small splitting
of this peak in the case of as-deposited sample, which may be attributed to
pure Si 99 eV and SiO2 102 eV, while annealing at elevated tempera-
tures gives rise to appearance of the strong peak at 100 eV BE, which may
be attributed to SiC formation.
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The presence of oxygen on the film’s surface is most likely
associated with the fact that the films were exposed to am-
bient condition between the CVD process and the surface
analysis.
The XP spectrum of the 800 °C annealed film displays a
marked decrease in the C 1s photoelectron peak intensity
Fig. 6a. The C 1s photoelectrons from the as-deposited
sample show a single peak while the 800 °C annealed
sample incorporates a C 1s peak splitting at 283.5 and
284.5 eV BE Fig. 6b. The 284.5 eV peak is associated
with C in a diamond bonding configuration, whereas the 283
eV peak corresponds to SiC.22,23 A very significant increase
in the oxygen and silicon photoelectron peaks is also seen
upon annealing to 800 °C with the O 1s/C 1s peak height
ratio increasing from 1/6 as-deposited to 3 800 °C an-
neal, while the Si 2s/C 1s ratio increases from about 1/25
to 1. Upon further annealing to 1000 °C Fig. 6b the only
significant change in the spectrum is the evolution of the
relative peak heights in the C 1s photoelectron doublet,
indicating an increases in the amount of SiC bonds at the
expense of CC bonds in the sampled volume. In Fig. 6c is
shown the detailed spectrum of Si 2p photoelectron peak,
demonstrating the split between 99 and 102 eV BE for as
deposited film, most likely associated to bare Si and SiO2,
correspondingly. Annealing at 800 °C gives rise to appear-
ance of 100 eV BE positioned peak, associated with SiC,
which strengthens after anneal to 1000 °C. The intensity ra-
tio of SiC /SiO2 peaks is 1.5. Figure 7 shows XP spectra of
the same 100 nm thick sample recorded at primary photon
energy of 1200 eV, revealing thus more “bulk” features. In
Fig. 7a is shown the general XP spectrum in the 0–1200 eV
BE range, displaying the same behavior as in Fig. 6a: an-
nealing at elevated temperatures results in suppression of the
diamond C 1s photoelectron peak and appearance of Si and
O related features. However, comparing Figs. 7b and 6b it
is evident that relative intensities of SiC/diamond lines is
larger in the case of primary x ray of h=1200 eV, espe-
cially following annealing at 1000 °C. The same phenom-
enon is observed comparing Figs. 7c and 6c, where the Si
2p line associated with SiC is nearly twice more intensive,
than that SiO2 associated peak in the case of h=1200 eV.
Figures 8 and 9 show the XP spectra of 1 m thick
diamond film recorded at primary photon energy of h
=600 eV Fig. 8 and h=1200 eV Fig. 9. Figures 8a
and 9a both show the same behavior of the spectrum as a
function of annealing temperature: no drastic decrease in dia-
mond C 1s peak is observed following annealing, while
silicon and oxygen related features do appear. Following
1000 °C anneal, the intensity ratio of C 1s to O 1s peaks
is 1.7 in the case of h=600 eV Fig. 8a, and 3.3 for
h=1200 eV Fig. 9a, indicating different probing depth
of the two modes. A detailed view of the C 1s peak reveals
no splitting of this line Figs. 8b and 9b, while in the
case of h=600 eV a small shoulder may be distinguished
in the low BE region following the 1000 °C anneal Fig.
8b. Detailed examination of the Si 2p photoelectron peak
Figs. 8c and 9c displays most likely SiO2 associated
feature without splitting cf. Figs. 6c and 7c.
IV. DISCUSSION
A. Film’s microstructure and composition studied by
scanning and transmission electron microscopes
The as-deposited 100 nm films were shown to contain
significant grain boundary bonded hydrogen with related
FIG. 7. XP spectra of the same sample as in Fig. 6, recorded with primary
photon energy of 1200 eV more bulk sensitive mode. a Annealing at
elevated temperatures drastically suppress the intensity of diamond C 1s
photoelectron at 285 eV BE and gives rise to appearance of Si and oxy-
gen related features. b Detailed view of C 1s peak reveals its strong
splitting following annealing at 800 °C, which may be associated with SiC
formation 283.5 eV. Note that relative intensity of SiC/Cdiamond peaks
increases after annealing at 1000 °C. c Detailed view of Si 2p photo-
electron peak. While the spectrum of as-deposited film shows two peaks
associated to the bare Si and SiO2, annealing at elevated temperatures gives
rise to appearance of SiC associated feature. Comparing this spectrum to
similar spectrum of Fig. 6c disclose larger intensity ratio of SiC /SiO2
peaks in the case of primary photon energy of 1200 eV.
FIG. 8. XP spectra of 1 m thick diamond film recorded with primary
photon energy of 600 eV. a No drastic suppression of diamond C 1s
photoelectron peak is observed following annealing at 800 and 1000 °C cf.
Fig. 6a, while oxygen and silicon related features emerge on the spectrum.
b Detailed view of C 1s photoelectron peak reveals no splitting following
different anneal regimes, while on the spectrum of 1000 °C annealed
sample small shoulder at 283.5 eV BE may be distinguished. c Detailed
view of Si 2p photoelectron peak disclose no splitting, suggesting the lack
of SiC formation on the film surface.
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peaks in the Raman spectrum. According to cross-sectional
SEM, films deposited for 5 min display just coalescent dia-
mond particles and a thickness of 70–100 nm.24 Plane view
SEM of the film surface shows diamond grain of 30–50 nm
size Fig. 3. The XPS survey of the as deposited film dis-
plays a very small Si peak suggesting that the film is nearly
continuous with pinhole exposure less than 1% Fig. 6a.25
After annealing to 800 °C the HR-SEM images indicate
little change to the microstructure’s morphology. However,
annealing at 900 °C shows that the crystallites surfaces ex-
hibit a granular looking roughness. Further annealing at 1000
and 1200 °C results in additional loss of well defined crys-
talline character of the film. Most likely these morphological
changes are associated with thermally enhanced silicidation
of the film’s surface. Below we propose that silicon atom
diffusion may occur via film’s bulk region, i.e., via diamond
grain boundaries or interconnected porosities.
The TEM images of these samples support this hypoth-
esis, as silicon voids are seen at the diamond substrate inter-
face upon annealing at elevated temperatures Fig. 5. TEM
images of the sample annealed at 800 °C show a well de-
fined diamond film with characteristic 111 diamond lattice
constant of 2.08 Å. Further annealing at 1000 °C produces
voids in the proximity of diamond/silicon interface along
with the appearance of 0.26 Å 111 lattice constant charac-
teristic of SiC.
From the above microstructure analysis of 100 nm
thick films we conclude, that annealing at elevated tempera-
tures results in enhanced silicidation of the diamond surface
and silicon voids appearance at the diamond/substrate re-
gion. Our further surface XPS and bulk Raman analysis
suggests that silicon atoms diffuse via diamond grain bound-
aries and terminate the reactive sp2 hybridized carbon atoms,
created by thermal hydrogen desorption from the diamond
film. This is supported by secondary ion mass spectroscopy
SIMS analysis of the as deposited films and after annealing
to 1000 °C data not shown.
B. Surface chemical composition revealed by XPS
survey
The XPS survey reveals that annealing at elevated tem-
peratures drastically suppresses the intensity of diamond
photoelectron C 1s peak at BE of 285 eV along side with
appearance of Si associated features Figs. 6 and 7. It shows
a significant increase in both oxygen and silicon content at
the top surface of the films, suggesting that silicon diffusion
occurs from the substrate into the film, most likely through
the grain boundaries and then onto the grain facets at the
surface of the film. The splitting of the C 1s peak into two
components––284.5 and 283 eV Fig. 6b—may be as-
sociated with the formation of SiC on diamond surface at
800 °C anneal.23,26 Annealing at 1000 °C further increases
the intensity of 283 eV component, suggesting enhanced
silicon diffusion and thermal silicidation of the diamond film
surface. In Fig. 7 similar photoelectron spectra recorded for
x-ray photon energy of 1200 eV are shown, therefore, in
more bulk sensitive mode probing depth is nearly twice of
that with h=600 eV.21
From an analysis of the XP spectra recorded using 600
eV Fig. 6 and 1200 eV Fig. 7 photons before and after
annealing to 1000 °C we observe that
i the intensity ratio of the O 1s to C 1s peaks equals
3.3 in the case of h=600 eV Fig. 6a and 2.5 in
the case of h=1200 eV Fig. 7a;
ii the intensity ratio of the SiC peak derived from C 1s
to the diamond peak is 1.1 for h=600 eV Fig. 6b
and 1.9 for h=1200 eV Fig. 7b; and
iii the intensity ratio of the SiC to SiO2 peaks derived
from the Si 2p line is 1.5 for h=600 eV Fig. 6c
and 2.9 ion the case of h=1200 eV Fig. 7c.
It is suggested that silicon oxide formation is associated
with exposure of the annealed films to ambient conditions
and therefore this oxide layer is localized predominantly on
the upper surface region, while diamond line may be associ-
ated with bulk modes. This is confirmed by point i above:
in surface XPS mode the oxygen line is more intensive, than
in bulk XPS mode. We conclude, therefore, that the upper
diamond film surface is covered by oxidized silicon atoms.
Then, from point ii we learn that bulk sensitive mode is
more sensitive to SiC, as compared to surface XPS mode.
This puzzling item may be understood, assuming that the
upper surface region of diamond film is covered by SiC
phase, which partly underwent oxidation. SiO2 species do
not contribute to C 1s photoelectron peak, but they do con-
tribute to the intensity of the Si 2p line at 102 eV. Indeed,
from point iii we learn that the SiC /SiO2 ratio measured in
the bulk mode is nearly twice of that ratio in the surface
sensitive mode. Therefore, we conclude that the diamond
film surface is covered by SiC layer, most likely formed by
means of thermally enhanced Si outdiffusion from the under-
lying substrate, while the very surface region of this layer
FIG. 9. XP spectra of 1 m thick films recorded with primary photon
energy of 1200 eV. a Annealing of as-deposited sample to elevated tem-
peratures gives rise to appearance of oxygen and silicon associated features,
while their intensity ratio to diamond C 1s photoelectron peaks is smaller,
than in the case of Fig. 8a. b Detailed view of C 1s photoelectron
spectrum discloses no splitting following anneal at elevated temperatures.
c Detailed spectrum of Si 2p photoelectron peak displays SiO2 related
feature following annealing at 800 and 1000 °C.
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underwent oxidation, during ex situ ambient exposure.
At this point we should stress the possibility of silicon
evaporation during annealing from the bottom sample area
silicon substrate in the nearest proximity to the furnace. In
this case, silicon atoms may sublimate from the silicon sub-
strate and condense onto the diamond film surface. In such a
case, the same phenomenon should occur also in the case of
1 m thick diamond film, since the difference of 900 nm
in film thickness is negligible in comparison to the thickness
of silicon substrate 700 m, taking into account the gas-
eous Si atom mean free path of the order of meters at
vacuum conditions of 510−6 Torr.27 Figures 8 and 9 show
XP spectra of 1 m thick films as deposited and annealed
at 800 and 1000 °C, recorded with photon energy of 600 and
1200 eV, correspondingly. Indeed, small surface contamina-
tions by silicon and oxygen species may be seen following
annealing at 800 and 1000 °C Figs. 8a and 9a; however,
this is much less pronounced as compared to 100 nm thick
films Fig. 6a: the O 1s/C 1s intensity ratio in Fig. 8a
is 0.5, while in Fig. 6a this ratio is 3.3.
In addition, in the XP spectrum of 1000 °C annealed
sample Fig. 8b small SiC associated shoulder at lower BE
of 283 eV is seen, which is completely eliminated from
the spectrum recorded in bulk mode with x-ray energy h
=1200 eV Fig. 9b. This phenomenon may be associated
with small extent of silicidation reaction, taking place solely
on the diamond film surface seen on the h=600 eV spec-
trum, while deeper analysis h=1200 eV reveals no SiC
formation i.e., no SiC in grain boundary region. The same
conclusion may be derived looking at Figs. 8c and 9c: no
splitting of the Si 2p line is observed in both cases. We
conclude, therefore, that while small surface contamination
via evaporation of the silicon substrate does exist, it cannot
explain the strong silicidation effect seen on the 100 nm
thick diamond films. Additional confirmation comes from the
Raman spectra analysis of these films, discussed below.
C. Bulk chemical composition and bonding studied
by Raman spectroscopy
C–H bonding configuration, phase purity and SiC forma-
tion as a function of annealing of the 100 nm thick dia-
mond film at 800–1200 °C was monitored by Raman spec-
troscopy Fig. 1. These spectra are compared to the Raman
spectra of 1 m thick films, shown in Fig. 2.
For the as-deposited 100 nm thick films the Raman
spectrum is dominated by the diamond phonon peak at
1332 cm−1, t-PA C–H and C=C vibrations at 1140 and
1470 cm−1 correspondingly, as well as with mixed sp3 /sp2
carbon phase at 1600 cm−1 Fig. 1a. Following anneal-
ing at 800 °C, no significant change in the Raman spectrum
is observed, while XP spectroscopy shows strong silicidation
of the film’s surface at these thermal conditions Fig. 6a.
These results suggest that silicidation occurs mainly on the
diamond film’s surface, leaving grain boundary region free
of SiC. Upon annealing at 900 °C the intensity of C–H t-PA
peaks decreases, which is correlated with maximal hydrogen
desorption rate from diamond surfaces at this
temperature.28,29 Upon annealing at 1000 °C the Raman
spectrum indicates a complete loss of t-PA type of bonded
hydrogen from the grain boundaries of the films, without any
increase in the sp2 bonded carbon fraction in the film, while
HR-SEM images show a further evolution of the microstruc-
ture morphology when compared to the 900 °C sample
Figs. 3c and 3d. This could be interpreted as a tempera-
ture activated surface processes involving either direct de-
sorption of CHx hydrocarbons from grain boundaries, or re-
active diffusion of silicon. The XPS data shows little change
in the surface silicon content between the 800 and 1000 °C
anneals Fig. 6a, while Si bonding evolves into a more SiC
character Figs. 6b and 6c.
This suggests that the silicon diffusion onto the crystal
surfaces occurs at 800 °C and that an increase in anneal
temperature to 1000 °C acts to enhance the reactive diffu-
sion of that silicon into the diamond surfaces. Note that no
SiC associated features are seen on the Raman spectrum
upon 1000 °C anneal Fig. 1b.
Raman data from the thicker 1 m film samples shows
the same loss of grain boundary bonded hydrogen as the
thinner film samples when vacuum annealed to 1000 °C
Fig. 2a. Although the XPS data indicates some increase in
oxygen and silicon contamination at the surface Fig. 8a,
the HR-SEM images show that the morphological impact of
this is negligible, suggesting that the thicker sample with its
lower concentration of grain boundaries and greater diffusion
distance to the surface inhibits the transport of silicon to
reactively diffuse with the surface crystal faces.
Annealing at 1200 °C results in drastic change in the
shape of the spectrum Fig. 1a. Both, diamond and sp3 /sp2
associated peaks at 1332 and 1600 cm−1 disappeared from
the spectrum. In addition, a well defined -SiC peak at
796 cm−1 appears, which is seen in Fig. 1b.22 The second
SiC associated Raman peak at 973 cm−1 may be distin-
guished on the spectrum as well. Simultaneous appearance of
the of SiC Raman peaks along side with the disappearance of
the mixed sp3 /sp2 band near 1600 cm−1 may be associated
with thermally enhanced reaction of carbon atoms within
diamond grain boundary region with thermally diffusive Si
atoms. Note the absence of SiC peak in the spectrum of
1 m thick films Fig. 2b, following annealing at
1200 °C, suggesting that 300–400 nm diamond crystallites
inhibit Si diffusion via grain boundaries or interconnected
porosities, due to the lower surface/bulk ratio of the grains.
D. Suggested scenario of the thermal enhanced SiC
formation at diamond grain boundary and
surface region
According to the aforementioned discussion we suggest
the following scenario of thermal enhanced SiC formation,
which is shown schematically in Fig. 10. As-deposited films
show well defined diamond crystallites nearly without Si
contamination XPS data, Fig. 6a. Annealing at 800 °C
results in Si outdiffusion most likely via diamond grain
boundaries or interconnected porosities on the top of the
film’s surface, resulting in sufficient intensity reduction of C
1s photoelectron Fig. 6a, appearance of SiC associated
of C 1s and Si 2p peaks Figs. 6b and 6c; however,
without notably affecting Raman spectra Fig. 1a. Our re-
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sults suggest that surface positioned silicon atoms partly un-
derwent carbidization SiC formation most likely by reac-
tion of more reactive sp2 hybridized carbon with Si atoms.
Following 900 °C anneal, significant H desorption occurs
jointly with additional Si atom diffusion through grain
boundaries, resulting in significant crystal face morphologi-
cal change, detected by SEM Fig. 3c. Annealing at
1000 °C gives rise to complete hydrogen desorption disap-
pearance of 1140 cm−1 Raman peak, Fig. 1a, simulta-
neously with enhanced carbidization of silicon atoms, result-
ing in intensity increase in XPS peaks associated with SiC
Figs. 6b and 6c. Note, that desorption of grain boundary
positioned hydrogen produces sp2 /sp carbon hybridized car-
bon atoms, detected by Raman peak near 1600 cm−1. Fur-
ther anneal at 1200 °C gives rise to enhanced silicidation of
this sp2 /sp hybridized most reactive carbon in the grain
boundary region, which is confirmed by the appearance of
the 796 cm−1 SiC Raman peak simultaneously with the
disappearance of the 1600 cm−1 disordered carbon broad-
band Fig. 1a.
V. CONCLUSION
Thermal instability of 100 nm thick and continuous
diamond films grown on silicon occurs with vacuum anneal-
ing temperatures greater than 800 °C. Annealing at 900 °C
results in a partial loss of trans-polyacetylene segment type
bonded hydrogen in the grain boundaries, as well as signifi-
cant but inhomogeneous reactive silicon diffusion into the
crystal surfaces. Heating the films to 1000 °C results in the
complete removal of the t-PA bonded hydrogen, an increase
in the reactive silicon diffusion into the crystal surfaces, and
a decrease in the sp2 bonded carbon content in the grain
boundaries. Annealing to 1100 °C and 1200 °C resulted in
the complete loss of sp2 bonded carbon and significant SiC
formation. Silicon diffusion from the substrate occurs at an-
nealing temperatures as low as 800 °C and can significantly
affect the morphological microstructure of the 100 nm
thick film surfaces at higher temperatures. A possible sce-
nario of thermally enhanced Si outdiffusion via grain bound-
ary pathways and its reaction with reactive diamond atoms is
suggested.
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FIG. 10. Schematic cartoon demonstrates the sequence of the Si diffusion
through diamond grain boundaries and its thermal induced reaction with
diamond crystallites. The as deposited diamond films of the 70–100 nm
thickness with large surface/bulk ratio underwent 800 °C anneal and suc-
cessive diffusion of Si atoms via diamond grain boundaries. At this stage Si
atoms covered diamond film’s surface and partly reacted with more reactive
C sp2 atoms. Further annealing to 1000 °C induce hydrogen desorption
from diamond surface/grain boundary region, converting C sp3 to C sp2 /sp
hybridized atoms. This event further induce SiC formation on diamond sur-
face; Subsequent annealing to 1200 °C sufficiently enhanced reaction of Si
atoms with carbon sp2 atoms producing SiC layer both on film surface and
grain boundary region.
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